1. Introduction {#sec1}
===============

Neglected tropical diseases cause over 100,000 deaths every year ([@bib50])) and circa 10% of that is due to Chagas disease ([@bib145]). This parasitic disease was discovered over a century ago in Brazil and presently this nation spends at least US\$ 5.6 million/year for chagasic workers absenteeism and these losses reach US\$ 1.2 billion/year in southern Latin American countries ([@bib144]). As effective vaccines for parasitic diseases are generally not available, chemotherapy remains of pivotal importance in the fight against such pathogens. Presently only nifurtimox and benznidazole are used in chemotherapy, (only the latter is used in Brazil) and both present important adverse effects, which may be evidenced clinically ([@bib23], [@bib106], [@bib119]) or biochemically/ultrastructurally ([@bib34], [@bib6]). Despite reports of successful treatment of chronic infections in both human ([@bib91], [@bib1], [@bib139], [@bib62]) and experimental models ([@bib49]) the effectiveness of chronic infection chemotherapy is considered controversial ([@bib106], [@bib80]). Thus, the search for new effective drugs remains required.

Medicinal plants may provide many compounds with antiparasitic properties ([@bib127], [@bib47], [@bib66], [@bib142]) and nearly half of the drugs listed as basic by the WHO are either natural or based on natural compounds ([@bib92]). The synthetically modified natural compounds may comprise an even more diversified source of potential drugs, allowing studies of structure-activity relationship against parasitic protozoa (e.g. [@bib10], [@bib115], [@bib125]). Natural plant-derived quinones and their derivatives may exert multifactorial effects upon distinct targets on antiparasitic chemotherapy ([@bib108], [@bib115], [@bib8]). Naphtoquinones such as β--lapachone are natural products isolated from different higher plant families and shown to present antimalarial ([@bib21], [@bib33], [@bib102]), giardicidal ([@bib28]), leishmanicidal ([@bib58]) and trypanocidal activity against *T. brucei* ([@bib35]) and *Trypanosoma cruzi* ([@bib18], [@bib40], [@bib52], [@bib109], [@bib110], [@bib87], [@bib85], [@bib84], 2014). Furthermore, lapachone derivatives/analogues may display enhanced antiparasitic activity upon *T. cruzi* ([@bib109]; [@bib46], [@bib39]).

The detailed understanding of parasite cell biology as well as the ultrastructural alterations brought by lead compounds may furnish chemotherapy approaches with information on target organelles/pathways helping elucidating action mechanism(s) and thus enabling an effective rational drug design (e.g. [@bib133], [@bib36], [@bib134], [@bib114], [@bib31], [@bib132], [@bib86]). We have previously shown that electron microscopy approaches may shed light on the mechanism of action of antiparasitic compound(s) and natural product derivatives on *T. cruzi* subcellular compartments ([@bib81], [@bib125], [@bib126]).

Here we tested the β--lapachone derivative R72 effects upon *T. cruzi* epimastigotes. Fluorescence and electron microscopy were employed to approach the mechanisms underlying the parasite cell death produced by the natural product derivative.

2. Material and methods {#sec2}
=======================

2.1. β--lapachone derivative {#sec2.1}
----------------------------

The synthesis of phosphorohydrazidic acid, *N*\'-\[(6*Z*)-3,4-dihydro-2,2-dimethyl-5-oxo-2*H*-naphtho\[1,2-*b*\]pyran-6(5*H*)-ylidene\]-bis(1-methylpropyl) ester, was performed by adding equimolar amount of phosphorohydrazidic acid, bis(1-methylpropyl) ester, and β−lapachone in ethyl alcohol, with catalytic amounts of concentrated hydrochloric acid ([Fig. 1](#fig1){ref-type="fig"}). The reaction mixture was stirred at room temperature for 3 h. At the end of reaction, in order to neutralize the reaction medium, a 10% sodium bicarbonate solution was added. The resulting solution was transferred to a separatory funnel with equal amounts of water and methylene chloride. After separation of the organic layer, anhydrous magnesium sulfate was added for complete removal of the water remaining. The solvent of the resulting filtered solution was evaporated to give a yellow oil, which was purified by column chromatography in hexane and ethyl acetate in the ratio 5:1. The yield after this purification was 66%. The β--lapachone derivative, hereon termed R72, molecular model, synthesis pathway and NMR spectrum are shown in [Fig. 1](#fig1){ref-type="fig"}.

2.2. Parasites {#sec2.2}
--------------

*Trypanosoma cruzi* epimastigotes Y-strain were cultured at 28 °C in LIT (liver infusion trypticase) medium supplemented with 10% fetal calf serum, 100 μg/mL penicillin and streptomycin. Cultures were inoculated with 10^7^ cells/mL and parasites were harvested at mid-log growth phase by centrifugation at 1000*g* and washed with phosphate-buffered saline (PBS) three times before the experiments. Parasite growth was assessed by daily counting on hemocytometer chambers under phase contrast microscopy.

2.3. Trypanocidal activity {#sec2.3}
--------------------------

The 5 × 10^5^ parasites inocula were incubated in the presence or absence of 10, 20, 30, 40 and 50 μM R72 for 96 h. Afterwards, parasites were counted in Neubauer hemocytometer chambers under phase-contrast microscopy. The IC~50~ value was determined using the Graphpad Prism version 5.0 software.

2.4. Transmission electron microscopy (TEM) {#sec2.4}
-------------------------------------------

Parasites before and after incubation with 19 μM R72 for 48 h were fixed in 2.5% glutaraldehyde, 2% formaldehyde and 2.5 mM CaCl~2~ in 0.1 M sodium cacodylate buffer pH 7.2, post-fixed in 1% OsO~4~, 0.8% potassium ferricyanide and 2.5 mM CaCl~2~ in the same buffer for 60 min. Samples were dehydrated in acetone series and embedded in Polybed resin. Thin sections obtained on diamond knives were stained with aqueous solutions of 5% uranyl acetate and 3% lead citrate for 30 min and 5 min, respectively. Samples were observed under a JEOL 1230 or Zeiss 109 transmission electron microscopes.

2.5. Scanning electron microscopy (SEM) {#sec2.5}
---------------------------------------

R72 treated and untreated parasites were fixed and postfixed as above, dehydrated in ethanol series, submitted to the critical point drying method in a Balzers apparatus, mounted on stubs, and metalized with a circa 20 nm-thick gold layer. Samples were observed under a JEOL 5310 scanning electron microscope.

2.6. Cytotoxicity assessment {#sec2.6}
----------------------------

Cells pellets of 10^6^ Balb/c splenocytes or 10^5^ peritoneal macrophages incubated for 24 h were solubilized in DMSO, transferred to flat-bottomed 96-well plates. Cytotoxic effects were determined as cytotoxic concentrations (CC~50~) using the dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method, revealing activity of NAD(P)H-dependent oxidoreductases, by the tetrazolium reducing into insoluble formazan read spectrometrically at 540 nm in ELISA reader (Molecular Devices, Sunnyvale, CA). Treated (12--1000 μM) and untreated cells were washed, kept in Dulbecco\'s Modified Eagle Medium (DMEM) containing 10% (v/v) MTT and incubated for 16 h. MTT reduction by macrophages or splenocytes containing solely MTT and DMSO were employed as controls ([@bib81], [@bib135]). R72 Selectivity index was determined as the ratio of CC~50~ on mammalian cells to IC~50~ on epimastigotes (CC~50~/IC~50~).

2.7. Fluorescence microscopy {#sec2.7}
----------------------------

Parasites before and after incubation with 19 μM R72 for 24 h were fixed in formaldehyde, washed in PBS, adhered in poly-*L*-lysine-coated coverslips and stained with 0.05 mM monodansylcadaverine (MDC) or 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI) for detections localization of autophagic and nuclear compartments, respectively. Percentage cells displaying punctate staining was determine by examination of over 500 cells per experiment. Statistical analysis was performed using chi-square with Yates correction (1 degree of freedom), with *P* \< 0.0001 (two-tailed). Samples were analyzed in an Olympus BX51fluorescence microscope or confocal microscope Leica SP8.

2.8. Flow cytometry analysis {#sec2.8}
----------------------------

Epimastigotes (3 × 10^6^ cells in 300 μL) incubated or not with 19 μM R72 for 24, 48 and 72 h were centrifuged at 1000*g* for 10 min and washed twice in sterile PBS. Then 5 × 10^5^ cells/mL were incubated with 10 μg/mL annexin V-FITC and 5 μg/mL propidium iodide (PI) for 24 h. Data collection and the analysis were conducted using the FACScalibur flow cytometer (Becton-Dickinson, San Jose, USA). A total of at least 10,000 events were acquired on Diva software version 6.1 and the gates were previously established for *T. cruzi* cells. Double-negative cells were considered intact, whereas double-positive cells were considered in late apoptosis/necrotic cells. Annexin^+^/PI^−^ cells are presumably in early apoptosis and the annexin^−^/PI^+^ may be considered necrotic. The cell permeant reagent 2′,7′ --dichlorofluorescin diacetate (DCFDA) was used to measure reactive oxygen species (ROS)-producing cells before and after R72 treatment.

2.9. DNA fragmentation detection using TUNEL assays {#sec2.9}
---------------------------------------------------

*T. cruzi* epimastigotes (1 × 10^7^) were incubated with 19 μM R72 or DMSO for 24 h for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). Cells were washed three times with sterile PBS and fixed in 4% paraformaldehyde for 1 h. Then parasites were washed with PBS and permeabilized with a solution of 0.2% Triton-X in PBS for 5 min. After permeabilization, samples were washed with PBS resuspended Equilibration buffer (Promega kit according to the manufacturer\'s instructions. Negative controls were incubated with the same solution devoid of Terminal Deoxynucleotidyl Transferase Recombinant enzyme (rTdT), whereas positive controls were incubated with 5 μg/mL DNAse for 5 min. Data acquisition was performed by flow cytometry (Becton Dickinson, San Diego, CA) and at least 10,000 events were acquired.

2.10. Statistical analysis {#sec2.10}
--------------------------

Comparisons between groups were performed by the unpaired Student\'s t-test or one-way ANOVA and a posteriori Tukey\'s tests, by use of Prism 4.0 software (GraphPad). For all tests, differences of *P* \< 0.05 were considered significant.

2.11. Ethical aspects {#sec2.11}
---------------------

All the procedures performed were approved by the Fiocruz Ethics Committee for the Care and Use of Laboratory Animals (license no. 20/2015) and rigorously followed the ethics standards guidelines of International Council for Laboratory Animal Science.

3. Results {#sec3}
==========

3.1. Parasite multiplication {#sec3.1}
----------------------------

*T. cruzi* epimastigote proliferation/survival assessed 96 h after R72 β-lapachone derivative addition ([Fig. 2](#fig2){ref-type="fig"}A). The naphtoquinone significantly (*p* \< 0.05) diminished the protozoan proliferation at 20 μM and the inhibition was highly significant (*p* \< 0.001) at 30--50 μM, producing 19 μM IC~50~.

3.2. Cytotoxicity {#sec3.2}
-----------------

In order to test its possible selectivity, the compound was assayed on mammalian cells. The murine splenocyte and macrophage viabilities were approached using the MTT method before and after R72 addition. We notice that the β-lapachone derivative R72 was much less toxic to murine macrophages ([Fig. 2](#fig2){ref-type="fig"}B) and splenocytes ([Fig. 2](#fig2){ref-type="fig"}C), as viability assessed by the MTT method, produced CC~50~ values of 243 μM and 212 μM, respectively (\**p* \< 0.05). Therefore, the selectivity indexes obtained for these cell types were 12.78 and 11.15, respectively.

3.3. Parasite morphology and topography {#sec3.3}
---------------------------------------

SEM was employed to analyze the R72-treated parasite morphology and surface topology. Contrary to controls ([Fig. 3](#fig3){ref-type="fig"}A and B), the R72-treated parasites often displayed plasma membrane wavy patterns and blebbing was observed particularly in the cytostome area ([Fig. 3](#fig3){ref-type="fig"}C).

Transmission electron microscopy (TEM) was used to analyze the R72 effects on the parasite subcellular organization. TEM images corroborated the asymmetric alteration of the epimastigote cytostome ([Fig. 4](#fig4){ref-type="fig"}A and B). The effect appeared to be exerted on the cytostome opening membrane whereas the microtubular cytopharinx remained undamaged. R72-treated parasites also presented enlarged mitochondria with unusual kDNA arrays ([Fig. 4](#fig4){ref-type="fig"}C) and supernumerary basal bodies ([Fig. 4](#fig4){ref-type="fig"}D).

3.4. ROS generation {#sec3.4}
-------------------

ROS production accessed by the use of the cell permeant probe DCFDA. Contrary to untreated controls ([Fig. 5](#fig5){ref-type="fig"}A), which showed no significant labeling, parasites incubated with R72 for 1 h ([Fig. 5](#fig5){ref-type="fig"}B), 3 h ([Fig. 5](#fig5){ref-type="fig"}C) and 24 h ([Fig. 5](#fig5){ref-type="fig"}D), displayed, respectively, 93.6%, 53.7% and 41.1% DCFDA-positive cells.

3.5. Mechanisms of parasite cell death {#sec3.5}
--------------------------------------

Pycnotic nuclei were eventually observed in the derivative-treated parasites ([Fig. 6](#fig6){ref-type="fig"}A) and some presented nuclear envelope protrusions and structures suggesting nuclear fragmentation ([Fig. 6](#fig6){ref-type="fig"}B), what was confirmed by DAPI DNA staining ([Fig. 6](#fig6){ref-type="fig"}C and D).

Flow cytometry analysis of *T. cruzi* epimastigotes was employed to verify the cell death mechanism(s) triggered by R72 ([Fig. 7](#fig7){ref-type="fig"}). Parasites were coincubated with annexin V (aV) and PI, probes to evaluate phosphatidylserine expression and membrane discontinuity, respectively. Untreated control parasites displayed 91.2% of double negative cells ([Fig. 7](#fig7){ref-type="fig"} A), whereas cultures incubated with R72 for 24 h were 16.8% PI-negative, but annexin V-positive, indicating cells undergoing apoptosis ([Fig. 7](#fig7){ref-type="fig"} B). The 12.2% PI-positive and aV-positive cells, presumably correspond to late apoptosis/secondary necrosis.

In order to test whether DNA fragmentation took place, corroborating the aV indication of apoptosis, we performed TUNEL assays. Parasites incubated with 19 μM R72 for 24 h displayed 93.3% labeled cells assessed by flow cytometry ([Fig. 8](#fig8){ref-type="fig"}).

The probe MDC was used to test the autophagy induction was monitored by fluorescence microscopy ([Fig. 9](#fig9){ref-type="fig"}A B). Contrary to untreated or DMSO-treated controls (A), R72-treated parasites displayed numerous, often apposed, compartments of distinct dimensions, often filling large portions of the parasite cell volume (B -- inset). MDC-positive parasite quantitation by fluorescence microscopy ([Fig. 9](#fig9){ref-type="fig"}C) indicate that the β-lapachone derivative doubled autophagosome formation (*P* \< 0.0001).

TEM images demonstrate the β-lapachone derivative triggered the biogenesis of autophagosomes presenting organelles such as mitochondria ([Fig. 10](#fig10){ref-type="fig"}A), membrane profiles and ribosome-like aggregated particles ([Fig. 10](#fig10){ref-type="fig"}B). Eventually the autophagosomes underwent cumulative fusion, giving rise to large compartments, ultimately leading to parasite cell rupture ([Fig. 10](#fig10){ref-type="fig"}C).

4. Discussion {#sec4}
=============

Here the *T. cruzi* epimastigote developmental form was assayed, although this insect-dwelling stage is unable to establish mammalian infection. Nevertheless it may furnish significant insights for the infection chemotherapy, as β-lapachone was reported to produce similar alterations in *T. cruzi* epimastigotes, amastigotes and trypomastigotes ([@bib40]), the developmental forms that multiply within mammalian host cells and spread via blood, respectively. In addition, different antiparasitic compounds may display similar effects upon epimastigotes and trypomastigotes and/or amastigotes, the developmental forms ([@bib129], [@bib130]; [@bib147]; [@bib30], [@bib5], [@bib38]; [@bib148]; [@bib137], [@bib19], [@bib82], [@bib140], [@bib7]) and the epimastigotes may therefore comprise and/or take part in experimental models ([@bib71], [@bib9], [@bib118], [@bib143], [@bib72], [@bib103], [@bib131]). Thus, numerous studies perform screening experiments with epimastigotes and/or trypomastigotes further approach the selected active compounds in intracellular amastigotes (e.g. [@bib111], [@bib90], [@bib75], [@bib96]) or *in vivo*.

The β-lapachone-induced oxygen intermediates are able to damage cell membranes giving rise to necrosis ([@bib11]) and/or inducing caspase-dependent or independent apoptosis ([@bib107], [@bib98]). Nevertheless, lapachone-induced ROS generation was also shown to trigger autophagic process causing glioma cell death ([@bib100]). Autophagy was reported to be a programed ([@bib56]) or incidental ([@bib113]) cell death process. Similarly ganglioside-induced ROS are involved in autophagic cell death of astrocytes ([@bib65]) and lipid rafts are involved in the process. The surface alteration revealed here by SEM and TEM in the parasite cytostome area may result from the different composition of this surface domain. Ultrastructural cytochemistry procedures demonstrated that the cytostome opening displays a different membrane composition and lectin labeling revealed the presence of glycoconjugates ([@bib105]). This membrane area in *T. cruzi* was shown to function as lipid rafts ([@bib29]). It was demonstrated that ROS can disrupt lipid rafts ([@bib112]) and these membrane domains are involved ethanol-induced oxidative stress in hepatocytes ([@bib93]). Benzo\[a\]pyrene and ethanol trigger oxidative stress and lipid raft aggregation in rat hepatocytes ([@bib27]). This effect is associated to lipid peroxidation and phospholipase C translocation into lipid rafts as well as enhanced membrane fluidity and lysosome membrane permeabilization and β-lapachone was also reported to disrupt lipid rafts in *Giardia lamblia* trophozoites ([@bib28]).

Since the cytostome is involved in the parasite nutrition ([@bib94]), the β-lapachone derivative-mediated disorganization of this membrane domain may restrain the nutrient uptake by the cell, presumably triggering autophagy. The autophagic process comprises a homeostatic mechanism protecting different cell types from stress conditions ([@bib64]), such as antiparasitic drugs or xenobiotics ([@bib132], [@bib125]), involved in *T. cruzi* nutritional stress and differentiation ([@bib3]). Mitochondrial swelling and altered kDNA array were also reported on *T. cruzi* after incubation with a β-lapachone derivative ([@bib85]). The supernumerary basal bodies in R72-treated parasites, as this structure orchestrates trypanosomatid parasite cell division and differentiation ([@bib136]). Supernumerary centrosomes are indicative of cell pathology and drug-induced stress may cause the biogenesis of multiflagellate *T. cruzi* ([@bib57]) and *Leishmania amazonensis* ([@bib17]). Hydrogen peroxide ([@bib25]) and ROS-mediated autophagy ([@bib97]) are associated to centrosome amplification. Oxidative stress triggers centrosome amplification in *Drosophila* cells ([@bib99], [@bib101]) and takes part in HeLa cells centrosome organization ([@bib15]) and human centrin 2 radiolytical oxidation causes centrosome duplication abnormalities ([@bib13]). The kDNA alteration of R72-treated parasites maybe caused by the oxidative stress, as the ROS-producing mitochondria are also affected by naphthoquinones (reviewed in [@bib83]) and lapachone was shown to affect *Crithidia fasciculata* kinetoplasts ([@bib12]).

It is well-known that β-lapachone ([@bib40], [@bib18]) and its derivatives ([@bib53]) lead to the generation of ROS such as superoxide anion and hydrogen peroxide and ROS generation by R72-treated parasites was corroborated by DCFDA labeling by flow cytometry. Naphtoquinones, β-lapachone derivatives may trigger distinct cell death pathways in *T. cruzi* parasites including autophagic, apoptotic-like and necrosis ([@bib84], [@bib88]) and so it was interesting to elucidate the mode of action involved in R72 selective trypanocidal activity. It was shown that a naphtoquinone derivative can not only produce ROS in the mitochondrion but also inhibit glycosomal enzymes glycerol kinase and glyceraldehyde-3-phosphate dehydrogenase ([@bib104]). [@bib40], noticed a patchy chromatin distribution which presumably corresponds to the apoptosis-associated pycnosis well-known presently. Evidence of nuclear fragmentation and autophagosome formation may be detected in the micrographs presented in this early work. The β-lapachone action upon chromatin organization may be due to the direct damage by free radicals ([@bib40]) and modulation of DNA topoisomerase 1 ([@bib98]). 3-allyl-β-lapachone was assayed on *T. cruzi* epimastigotes and tripomastigotes, causing chromatin patchy distribution, mitochondrial disruption, associated to H~2~O~2~ production and lipid peroxidation ([@bib53]).

As DAPI was successfully employed for detection of nuclear fragmentation in diverse cell types (e.g. [@bib61], [@bib32], [@bib22], [@bib74]), including *T. cruzi* epimastigotas ([@bib69]), we used the probe to detect nuclear fragmentation and it was observed in circa 1% of the R72-treated parasites. Nuclear fragmentation was also indicated by MET. The TUNEL assay also confirmed DNA fragmentation. Nevertheless the TUNEL technique fails to discriminate between apoptotic and necrotic cell death pathways ([@bib55]) as necrotic cells can also be labeled ([@bib26]). As the TUNEL labeling was detected in over 90% of the cells (higher staining than the DNAse positive control), whereas the aV^+^ and PI^−^ cells were solely 16.8% is reasonable to infer that most cells in autophagy and early apoptosis rapidly evolved to necrotic cell death, associated to DNA fragmentation. The chromatin condensation and nuclear protrusions/fragmentation as well as phosphatidylserine expression are consistent with apoptosis induction rather than necrosis, but these events were uncommon and the extent of necrosis based on PI labeling by flow cytometry of R72-treated parasites was circa 20% and may be underestimated since it was previously shown that primary necrotic cells may display annexin V-positive/PI-negative staining before becoming PI-positive ([@bib120]) and DCFDA indicates that ROS generation proceeded up to at least 72 h.

Oxidative stress may play multiple roles in autophagic process. ROS production is generally associated with increased autophagy ([@bib14], [@bib141]), in pathways dependent on PI3K, beclin, p53, p38 ERK, Atg5, Atg4 etc., whereas HO•- causes lysosomal dysfunction, inhibiting autophagy ([@bib41]). The trypanosomatid apoptosis does not follow canonical pathways, lacking regulators/effectors, such as caspases, Bcl-2 or TNF-related receptors ([@bib124]) and the occurrence of programmed death pathways in protozoa remains controversial ([@bib113]). β-lapachone triggers necrosis via activation of PARP (poly (ADP-ribosyl) polymerase-1), a main regulator of the DNA damage response pathway ([@bib63]). PARP is involved in β-lapachone-induced necrotic cell death in human osteosarcoma cells ([@bib78]) and it was recently shown that necrosis may be dependent on JNK or Ca^2+^/calpain pathways ([@bib42]).

The β-lapachone-mediated ROS production in a catalase-sensitive way triggers autophagic cancer cell death ([@bib11]), as well as programmed necrosis or necroptosis in a mechanism involving receptor interacting protein (RIP)1, PARP-1 and apoptosis-inducing factor (AIF; [@bib99], [@bib101]). In this regard, it is noteworthy that PARP activity was reported in all *T. cruzi* developmental stages ([@bib45]).

The lapachone-induced mitochondrial dilation and autophagy (mitophagy) mechanisms depend on the production of ROS ([@bib116]). The R72-treated parasites not only removed mitochondrial portions by mitophagy, but also showed mitochondria in the condensed configuration with distended cristae, long known to be metabolically inactive ([@bib59]). β-lapachone action is largely dependent on calcium influx that may lead to mitochondrial membrane depolarization ([@bib128]), possibly inducing mitophagy in R72-treated parasites. It is noteworthy that calcium is involved in apoptosis, necrosis and autophagy ([@bib51]) and may both trigger and suppress autophagy/mitophagy ([@bib43]).

The observation of parasites displaying mitochondrial portions within autophagic vacuoles and parts of the organelle still in the cytoplasm indicate that this protozoan also performs mitochondrial fission a processes required for mitophagy ([@bib149]), particularly in trypanosomatid parasite cells that display a single mitochondrion ([@bib134]). Similarly a triazolic naphthofuranquinone was shown to induce autophagy in *T. cruzi* ([@bib44]). This process may be caused by β-lapachone-mediated ROS production as oxidative stress was shown to trigger mitochondrial fission and mitophagy ([@bib48]). Furthermore, Mitochondrial oxidative stress is involved in astrocyte necrotic cell death ([@bib67]) and a β-lapachone derivative was reported to produce apoptosis and necrosis simultaneously in HL-60 cells ([@bib4]). In addition, the secondary necrosis may comprise the natural outcome of apoptosis ([@bib122]) and necrosis subsequently takes place following apoptosis in HeLa cells ([@bib146]), epithelial cells incubated with *Candida albicans* ([@bib138]) and in the Cnidarian *Hydractinia symbiolongicarpus* ([@bib20]) in a process that may be termed "secondary necrosis" ([@bib123]).

Formerly understood as discrete cell death pathways, now apoptosis, autophagy and necrosis/necroptosis are seen as interdependent showing an intricate regulation and cross-talk ([@bib24], [@bib68]). ATP depletion may switch human T cell death from apoptosis to necrosis ([@bib76]). In this regard the naphthoquinone effects on *T. cruzi* were shown to be exerted on mitochondria ([@bib84], [@bib86], [@bib88], [@bib83]), where ROS are produced by β-lapachone treated *T. cruzi* ([@bib18]). Therefore mitochondrial function arrest may comprise an antioxidant defence ([@bib95]) as reported for *Aedes aegypti* muscle ([@bib54]). Hence, mitophagy and mitochondrial loss of function may lead to metabolic deficit, possibly promoting parasite necrosis. β-lapachone and its derivatives were shown to trigger apoptosis and autophagy in both parasites ([@bib40], [@bib84], [@bib116]) and tumor cells ([@bib77], [@bib150]; [@bib100], [@bib37]), involving the formation of ROS ([@bib4], [@bib116]).

Necrosis may be preceded ([@bib73]) or mediated ([@bib70]) by autophagy in pancreatic cells and breast cancer cells, respectively. Furthermore, autophagy is required for necrosis in *Caenorhabditis elegans* ([@bib117]). The ultrastructural analysis reported here indicate that R72-induced autophagy may lead to cumulative vesicle fusion, culminating in fusion/disrupture of parasite cell membrane. The cumulative fusion of compartments such as autophagosomes, indicated by MDC labelling and TEM, apparently led to the lysis of R72-treated parasites. Similarly, organelle fusion events taking place during autophagic process may cause in necroptosis in human polymorphonuclear cells ([@bib89]). Thus, exacerbated autophagy may lead to incidental necrosis, corroborating the hypothesis of [@bib113]. Interestingly necroptosis may depend on autophagy as reported in leukemia cells ([@bib16]). Additionally the lipid peroxidation caused by ROS production may enhance membrane fusogenicity of cellular compartments ([@bib2]), possibly promoting incidental autophagic parasite cell death. A β-lapachone derivative was shown to produce catastrophic vacuolization in tumor cells ([@bib79]). The remarkable compartment fusion in R72-treated parasites may lead to necrosis via cumulative fusion as in the compound exocytosis reported in eosinophil leukocytes ([@bib121], [@bib60]).

The present data indicate that selective β-lapachone derivatives may comprise useful tools in development of trypanocidal drugs and that parasite architecture approach may elucidate the modes of action of antiparasitic natural products.

Sponsored by: CNPq, PROCAD/Capes PP-SUS, PROEP, INCT-INPeTAm, FAPESB, PRONEX/MCT.

![Decoupled ^31^P Nuclear magnetic resonance spectrum of *N'*\[(6Z)- 3,4- dihydro - 2,2- dimethyl - 5- oxo- 2*H*- naphthol \[1,2-b\] pyran - 6 (5H)- ilidene\], ester di-sec-butylic phosphorohydrazidic acid (R72). The R72 synthesis of was performed by adding equimolar amounts of phosphorohydrazidic acid, bis(1-methylpropyl) ester, and β−lapachone in ethyl alcohol, with catalytic amounts of concentrated hydrochloric acid. In the detail: the molecular R72 structure.](gr1){#fig1}

![Inhibitory effect of the β-lapachone derivative R72 upon *T. cruzi in vitro* proliferation. Epimastigote forms were cultured in the presence of different R72 concentrations and counted under phase microscopy after 96 h. The compound significantly (\**p* \< 0.05; \*\**p* \< 0.001) impaired the parasite proliferation producing a 19 μM IC~50~value (A). Inhibitory effect of the β-lapachone derivative R72 upon murine macrophage (B) and splenocyte (C) viability assessed by the MTT method, produced CC~50~ values of 243 μM and 212 μM, respectively (\**p* \< 0.05). The selectivity indexes (CC~50~/IC~50~) determined for these cell types were 12.78 and 11.15, respectively. These data are mean of at least three independent experiments performed in triplicates. Statistical analysis was performed using ANOVA and Tukey post-test.](gr2){#fig2}

![Scanning electron microscopy (SEM) of untreated (A) and DMSO-treated (B) controls, where the normal cytostome opening is evident (B, arrow). R72-treated parasites displayed ruffled plasma membrane and blebbing (\*) was observed particularly in the cytostome opening area (C, arrow).](gr3){#fig3}

![Contrary to the regular cytostomes in DMSO-treated parasites observed by TEM (A, arrow), R72-treated parasites presented debris-associated damaged cytostome opening (B, arrow), but the cytopharinx microtubules apparently remained intact (B, \*). DMSO-treated parasites showed no alteration as compared to untreated cells. Some R72-treated parasites displayed large kinetoplasts (C - K) with altered kDNA compacting pattern (arrowhead) as well as supernumerary basal bodies ([Fig. 4](#fig4){ref-type="fig"}C arrowheads). Bars -- 500 nm.](gr4){#fig4}

![ROS production accessed by flow cytometry of parasites incubated with the cell permeant probe reagent 2′,7' --dichlorofluorescein diacetate (DCFDA). Untreated parasite controls displayed circa 0.9% stained cells (A), whereas parasites incubated with 19 μM R72 for 1 h (B), 3 h (C) and 24 h (D) presented, respectively 93.6%, 53.7% and 41.1% DCFDA-positive cells.](gr5){#fig5}

![R72-treated parasites eventually presented pycnotic nuclei (A - N, \*) and some TEM images displayed nuclear protrusions (B arrows) and compartments of similar content suggesting budding of nuclear fragments (B, arrowhead). Fluorescence microscopy using the DNA probe DAPI revealed the normal nucleus and kinetoplast labeling of both untreated and DMSO-treated control cells (C arrows arrowheads) and showed evidence of nuclear fragmentation in some R72-treated parasites (D, arrowhead).](gr6){#fig6}

![Cell death mechanism(s) in R72-treated parasites evaluation by flow cytometry, in cells coincubated with PI and annexin V probes. Untreated controls displayed 91.2% of double negative cells (A), whereas cultures incubated with 19 μM R72 for 24 h (B) displayed 16.8% PI-negative, but annexin V-positive, indicating cells undergoing apoptosis as well as 12.2% PI-positive and AV-positive cells, corresponding to late apoptosis/secondary necrosis. DMSO-treated controls were not labeled.](gr7){#fig7}

![DNA fragmentation detection employing the TUNEL method. 10^7^*T. cruzi* epimastigotes incubated or not with 19 μM R72 for 24 h were analyzed by flow cytometry. Negative Control (A) assayed in the absence of rTdT (recombinant terminal deoxynucleotidyl transferase) and DMSO-treated parasites (B) displayed similar patterns, with no stained cells in the gate, whereas positive control, employing DNAse (C) and R72-treated parasites (D) showed TUNEL staining on 77.6% and 93.3% cells, respectively.](gr8){#fig8}

![Detection of autophagic process by the probe monodansylcadaverine (MDC). Untreated parasites were poorly and diffusely labelled (A), whereas R72-treated cells displayed numerous and often closely apposed strongly labelled compartments (B). Insets show individual MDC-labelled cells. DMSO-treated parasites showed no alteration as compared to untreated cells (not shown). Quantitation of cells displaying monodansylcadaverine-labeled compartments by fluorescence microscopy (C). The frequency of parasites presenting MDC^+^ compartments was determined by counting of over 260 cells per group. About 36% of untreated control parasites presented MDC punctate labelling, whereas nearly 83% of parasites grown with 19 μM R72 showed. MDC-stained autophagosomes. Chi-square with Yates correction (1 degree of freedom), equals 7018.369 with *P* \< 0.0001 (two-tailed, \*\*\*).](gr9){#fig9}

![Autophagic vacuoles (AV) presenting mitochondrial portion (A--M), membrane profiles (B, arrow) and ribosome-like particles (B, \*) were observed in R72-treated parasites. Note that cytoplasmic intact mitochondria may be still observed in the cytoplasm (A, arrow). Compartments lined by double membranes were often observed enveloping condensed mitochondrion fragment (C, thick arrow) and eventually the autophagosome fusion events (C, black arrowheads) formed huge compartments, containing membrane remnants (C, \*), which could be associated to parasite cell surface continuity solution (thin arrow). Note condensed mitochondria displaying dilated cristae (C, white arrowheads).](gr10){#fig10}
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